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The Metals and Minerals Society's lath 
Biennial OMVPE Workshop in San Diego in 
March drew over 250 attendees and 25 exhibits 
and covered not just advanced materials and 
structures but also manufacturing-related 
topics such as process monitoring and safety. 
Deve|opments in OMVPE 
"The nitrogen 
content in the 
InGoAsN 
material system 
is very sensitive 
to substrate 
temperature... 
After emissivity 
correction, 
repeatable 
growth runs with 
1.4% nitrogen 
content and 
constant bondgop 
were obtained 
using pyrometer 
readings." 
Figure 7 Inter-layer dtagram 
for stress control. 
In recent years in-situ process monitoring has 
become a widely accepted manufacturing tool for 
OMVPE.This trend was recognised by conference's 
the first session of the being dedicated to the topic. 
Process monitoring 
William Breiland from Sandia described the use 
of emissivity-correcting pyrometry to accurately 
control the growth of indium gallium arsenide 
nitride OnGaAsN) layers.The nitrogen content in 
the InGaAsN material system is very sensitive to 
substrate temperature, which can vary by more 
than 50°C when using thermocouple readings 
for run-to-run calibration.After missivity correc- 
tion, repeatable growth runs with 1.4% nitrogen 
content and constant bandgap were obtained 
using pyrometer readings, but the substrate must 
be smooth, flat and opaque to the observing 
wavelength. Recalibration is needed periodically. 
In the past, the growth of thick, low-temperature 
aluminium galliunl nitride (AICmN) layers (-0.5 gtm 
or thicker) on sapphire substrates without the 
generation of cracks has been difficult and has hin- 
dered the development of electronic devices based 
on this material system. Sandia's Karen Waldrip - in 
cooperation with the University of Florida - report- 
ed on the use ofAlGaN interlayers to control wafer 
stress (see Figure 1). In this work, layer stress was 
monitored by the in-situ measurement of the wafer 
curvature during layer growth using a home-built 
rotating reactor (12OO rpm).The creation of tensile 
stress in thickerAIGaN optoelectronic device layers 
is a typical phenomenon, but Waldrip demonstrated 
that it could be changed to compressive stress by 
the introduction of low-temperature 200/~ inter- 
layers. Increasing the ahmlinium content of these 
interlayers created compressive layer growth and 
eliminated the surface cracking. Future improve- 
ments can be expected since the interlayer 
growth process has not yet been optimised. 
Precursors 
Although other dopants such as carbon can be 
used as the p-dopant for III-V based devices, zinc 
is still the most widely used, usually as dimethyl 
or diethyl zinc. However, as the requirements for 
device performance have become more demand- 
ing, the purity of the dopant precursor has 
become a more critical consideration, especially 
with respect o the oxygen content in alumini- 
urn-containing layers.The very stable and non- 
pyrophoric dimethyl zinc triethylamine adduct 
[MexZn:N(Et) 5] is easily purified (from non- 
adducting impurities uch as silicon, tin, hydro- 
carbons etc) and can be used as a low-oxygen 
dopant for GaAs,AlGaAs and ~ However, base- 
free Me2Zn cannot be obtained from this adduct. 
Lesley Smith from Epichem (in cooperation with 
the University of Liverpool and Instituto Nazionale 
per  la Fisca della Materia) described the use of  
macro-cyclic tertiary amine adducts to obtain 
high-purity oxygen- and iodine-free zinc alkyls. 
Diethyl or dimethyl zinc is reacted with either 
the N4- or N6-aza-crown tertiary amines (see 
Figure 2) to form easily purifiable crystalline 
solids, with two zinc alkyls reacted per crown 
moiety.At 90°C, these zinc adducts release very 
pure zinc alkyts with alkoxide contents an order 
of magnitude lower than previously available zinc 
dopants (less than O.Ol%).These are now avail- 
able for low-oxygen-level doping requirements. 
Gallium antimonide 
As application possibilities continue to expand 
for devices based on gallium antimonide (GaSb) - 
including improved thermo-photovoltaic 
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technology, lasers and high-speed HBTs - the i n -  
terest in layer-growth processes is keeping pace. 
Thomas Kuech from the University of  Vc-tsconsin 
reported on the lateral epitaxial overgrowth 
(LEO) of GaSb on patterned gallium arsenide sub- 
strates. In s~ite of the 8°/6 lattice mismatch, 
OMVPE growth at 625°(; (using a low-temperature 
buffer layer and either silicon dioxide or nitride 
masks) gave a reduction in threading dislocation 
densities from the 1010 to the 106 cm -2 range. 
Sub-micron mask opening was required for good 
film growth.The local stress fields around these 
openings were effective in bending threading dis- 
locations with no layer tilting and the defects were 
confined to within 2 Om of the mask openings. 
Subsequently, aluminium gallium arsenide anti- 
monide (A1C, aAsSb) layers matched to GaSb were 
grown using carbon, tellurium, tin and zinc dopants. 
Cell isolation diodes have been made from these 
layers, which have high shunt resistances and 
breakdown voltages greater than 5 V at a 
density of 1 A/cm 2. Unfortunately, relatively high 
oxygen contents were measured in these layers. 
The oxygen source and the presence of carbon 
impurities are ~t ly  being investigated. 
Simon Watkins from Simon Fraser University 
provided the first report on the use of  carbon 
doping in OMVPE-grown GaSb, with carbon 
tetrachioride as the source. Carbon is a desirable 
dopant for high-speed CmAsSb HBTs because of  
its solubility and low diffusion rates. However, 
doping levels greater than 1019 cm-3 appear to 
change the lattice constant.A photoluminescence 
transition was observed at 794.9 meV and 
tentatively assigned to shallow carbon acceptors. 
Christine Wang from MIT Lincoln Laboratory 
described the fLrst OMVPE-grown AIGaAsSb/CmSb 
quarter-wave Bmgg reflectors. Because of the 
larger refractive index difference in this materials 
system, these antimonide reflectors could be 
preferential for mirrors in indium phosphide 
based quaternary vertical cavity surface-emitting 
lasers (VCSELs) operating at 1.3 or 1.55 om, as 
well  as for thermo-photovoltaic (TPV) devices in 
the 2.5 gun range. For example, peak reflectivities 
of about 74% and 97% were obtained from 
Distributed Bragg Reflectors of 5 periods and 
10 periods, respectively. 
An integrated TPV-Bragg device was made and 
compared with a controlTPV (shown diagram- 
matically in Figure 3). Peak reflectance for a 
5-period reflector was obtained at 2.4 Van in 
good agreement with theory. Room-temperature 
photoluminescence (PL) data indicated improved 
extt'action efficiency for the Bragg reflector 
device (see Figure 4). 
On a different GaSb research topic,Wang also 
reported the first OMVPE growth of  natural sup- 
erlattices (see Figure 5) in the InGaAsSb materi- 
als system on substrates that are mis-cut by 2 ° or 
6 ° toward the -(1-11)A or  (1-11)B crystal faces. 
With growth rates of 5 om/hr, the spontaneous 
vertical composit ion modulation (VCM) [or natu- 
ral superlattice ~SL)  generation] could be ob- 
tained over a range of composit ions (where indi- 
um and arsenic fractions are held between 0 and 
20°/6) and for growth temperatures of 525-575°C. 
Below 525°C, NSL structures could not be grown. 
It can be seen from the micrographs in Figure 5 
that the NSL layers exhibit a high degree of  
regularity in the growth direction and that they 
are straight and continuous over several microns 
of  lateral distance.Analysis of the TEM cross 
sections indicated that the InGaAsSb self-organises 
when growth begins and maintains consistent 
periodicities of between 15 and 20 nm through 
several microns of  layer growth.Another remark- 
able feature of  the NSL growth pattern shown in 
Figure 5 is that the new growth is tilted an 
additional 4 ° over the miscut angle of  the 
substrate surface, n- and p-doping is possible and 
thermo-photovoltaic devices have been made 
with doping levels of  1017-1018 cm -3. 
Figure 2. Chemical structures 
of the N4- and N6-aza-crown 
macro-cyclic tertiary amine 
adducts, which can be react- 
ed with diethyl or dimethyl 
zinc to yield high-purity 
oxygen- and iodine-free 
zinc alkyls. 
Figure 3. An integrated ther- 
mo-photovoltaic TPV-Bragg 
device, compared to a control 
TPV device 
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Figure 4. Room-temperature 
photolummescence data 
shows the improved extrac- 
tion efficiency for the TPV 
dewce wtth integrated Bragg 
reflector compared to the 
TPV alone 
Figure 5 Micrograph showtng 
the flrr~ OM~/~o£ ~jr-cT~#z 4,/ 
natural superlattlces tn the 
InGaA~S~3 materials system 
(on substrates that are 
mls-cut by 2 ° or 6 ° toward 
the -(1-11)A or (t-t 1)B crystal 
faces) through spontaneous 
verOcal composition modula- 
tion (VCM) [or natural super- 
lattice (NSL) generation]. 
Spintronics 
A Blattner from Northwestern University 
described the first OMVPE growth of manganese 
indium arsenide films for diluted magnetic 
semiconductors with manganese contents above 
1%.TMI, arsine and cyclopentadienyl-manganese 
were used as the precursors. Manganese contents 
of 1-10% yielded p-type films with carrier 
concentrations in the 1019 cm -3 range.~here the 
manganese content was above 10%, the 
manganese arsenide - although epitaxial - formed 
a separate phase. Further work is in progress to 
obtain a manganese content above 10% and car- 
rier concentrations above 1019 cm-3. 
The potential for this "spintronics" materials ys- 
tem -woxa~ %e ~ne a~'ffiW ~o use'oot~n t'ne c~narge 
and magnetic spin when a mangatlese-containittg 
ferromagnetic layer can be grown between on- 
ferroelectric layers.Typical applications would be 
non-volatile random access memory and 
re-programmable logic that can be integrated 
with existing technologies. 
The potential for GaN substrate and process 
improvements was again in evidence. Brendan 
Moran from University of California, Santa 
Barbara described the growth of nitride layers on 
<111> silicon.Aluminium nitride buffer layers 
normally lead to high tensile stress levels (250- 
500 MegaPascals) and cracking of the GaN layers. 
However, the growth of a relatively thick graded 
buffer layer ( -800 nm) by OMVPE (going from 
AlN to GaN) followed by GaN growth (all at 
1050°C) produced layers with compressive stress 
and no cracks. Defect levels were similar to those 
on sapphire substrates and HFETs were made 
with fmax of 4 GHz, 15% PowerAdded 
Efficienc); a saturation current of -525 mA/mm 
and a transconductance of -100 mS/ram. 
Xingang Zhang from the University of Southern 
California (Los Angeles) reported the growth of 
InGaN quantum wells on LEO mesas, which have 
atomically- flat inclined sidewalls and upper 
stripe surfaces (see Figure 6).'Ilae 2 pm-wide 
stripes were uniquely- formed by the coalescence 
of two adjacent riangle-shaped LEO GaN seed 
strips, where threading dislocations were elimi- 
nated by the inclined sidewalls. 
Cathode luminescence from the InGaN wells 
occurred at two distinct peaks (390 and 43Onm, 
respectively) from the sidewalls and the mesa 
top, both exhibiting strong indium migration.The 
high-quality stripes will be used for device growth. 
The PL-emissions were strong, uniform, and 
differed from quantum wells grown on planar 
GaN layers, which usually exhibit indium phase 
segregation and cartier localisation.Varying the 
growth temperature from 800-850°C can provide 
either sloped (a) or vertical (b) sidewalls. 
Russ Dupuis (from the University of Texas at 
Austin) described the growth ofA1GaN/GaN FETs 
by low-pressure OMVPE at 200 Torr ( -50Torr  for 
the AIGaN). 2 ~rn layers of undoped GaN were 
grown on either n-type silicon carbide or sapphire 
substrates.The intrinsic charges derived from 
piezoelectric and spontaneous polarisation effects 
at the subsequent AIGaN interface (AI = 30%) pro- 
vided the active device layers. HFETs with 2 vtm 
and 0.25/am gates were made with respective 
transconductance values as high as 190 and 300- 
400 mS/mm. (The 0.25 pm HFET's transconduc- 
tance has since been increased to 450 mS/ram.) 
In other work, Dupuis also reported on the opti- 
misation of metal-semiconductor-metal (MSM) 
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solar-blind etectors, which have important 
defence ramifications.These AIGaN back-illumi- 
nated detectors are effective for wavelengths 
from 200-650nm, but the shorter-wavelength 
devices can detect an attacking aircraft coming 
from the direction of  the sun, which would 
appear black or dark to these MSM devices 
(e.g. shorter than 350 nm). 
These MSMs were grown on sapphire substrates 
using 45% A1 in the active region and 58% A1 in 
the w indow layer. The device performance was 
highly dependant on the crystalline quality of  
the active region, and more specifically the use 
of  a thin strained AIGaN active layer (AI = 44%). 
The best MSMs were reported to have an exter- 
nal quantum efficiency (QE) of 48% at wave- 
lengths of 262 nm and dark currents of 10 fA. 
These compare with QEs of 35% for PIN diodes 
at zero volts bias. 
Safety 
This year's OMVPE Workshop can claim a novel 
feature whose time has come - a session devoted 
to safety procedures. 
With the volume of metal alkyls now being shipped 
and consumed around the world, it becomes 
increasingly important hat safety procedures be 
discussed and documented.Visual examples of 
pyrophoric behaviour were presented, reinforcing 
the need for systematic safety procedures to be 
available on an industry-wide basis. 
Eugene Ngai from Solkatronic described their 
goals to reduce the frequency and severity of any 
chemical incident related to toxic, f lammable or 
pyrophoric gases, through public outreach and 
on-going product risk reviews. Solkatronic offers 
safety courses to all-comers, including a three-day 
emergency response course that is used within 
the chemical industry and by service groups 
such as fire departments, the FBI and the Drug 
Enforcement Agency. 
Other safety advances described were the leak 
testing of arsine, phosphine and hydrogen 
selenide cylinders to part-per-trillion standards, 
cylinder-valve impact testing (which has led to a 
wider use of  316 stainless-steel valves) and chlo- 
rine trifluoride handling procedures. Solkatronic 
also offers cylinder recovery systems for the safe 
containment and removal of hazardous cylinders. 
J im Dietz of ATMI reported on their efforts to 
provide safer delivery of Group-V hydride gases 
for semiconductor processing. He described the 
development of high-purity adsorbants for use in 
arsine and phosphine cylinders.These are 
designed to deliver sub-atmospheric pressure 
hydrides from 450 litre containers and reduce 
the risk of storing large quantities of pressurised 
arsine and phosphine. Electrical test data will be 
available in the near future. 
Ravi Kanjolia from Epichem noted the inherent 
pyrophoric hazard present during the use of 
organometallic compounds and the need to keep 
system and reservoir changes to a minimum.To 
reduce multiple bubbler shipping and handling 
hazards for large-scale use and for multi-reactor 
supply, Epichem now offers an automated lO-20kg 
bulk delivery system (EpiFili), which can be 
sourced in a remote, non-laboratory location. Based 
on silicon industry experience, the use of such 
bulk delivery systems can eliminate operator intru- 
sion for bubbler change-out, reduce reactor down- 
time and at the same time reduce the potential for 
(and the frequency of) line contamination. 
J im Dixon from EMF reported on the packaging 
and transportation of metal-organic compounds. 
He provided pictorial evidence that the accepted 
methods of  packing MO-cylinders in vermiculite- 
filled steel drums provided good coUision and 
fire protect ion and that loose material was better 
than bagged adsorbant.Vermiculite also provided 
reasonable protect ion from bubbler leakage 
inside steel drum packages. 
Greg Smith from Akzo described personal protec- 
tion equipment developed for metal-organic han- 
dling, based on over 40 years exper ience in 
1000 ton quantities. Examples of small MO spills 
on rubber, plastics and leather safety- gloves were 
shown. Perhaps surprisingly, leather gloves pro- 
vided the best protect ion for short-term handling 
exposure. For complete protection from moder- 
ate MO fire exposure, the thickest face-shields 
and fire-resistant Nomex cover~s  were recom- 
mended. For exposure to more severe metal- 
organic fire hazards, aluminised Nomex coveralls 
and aluminised shrouds for the head were the 
only recommended clothing. 
Figure 6. Lateral epitaxial 
overgrowth mesa structures 
fn galhum n~trlde 
"This year's 
OMVPE Workshop 
can claim a novel 
feature whose 
time has come 
- o session 
devoted to safety 
procedures." 
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